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The growth of pure cultures of Bacteroides thetaiotaomicron LMG 11262 and Bacteroides fragilis LMG 10263
on fructose and oligofructose was examined and compared to that of Bifidobacterium longum BB536 through in
vitro laboratory fermentations. Gas chromatography (GC) analysis was used to determine the different
fractions of oligofructose and their degradation during the fermentation process. Both B. thetaiotaomicron
LMG 11262 and B. fragilis LMG 10263 were able to grow on oligofructose as fast as on fructose, succinic acid
being the major metabolite produced by both strains. B. longum BB536 grew slower on oligofructose than on
fructose. Acetic acid and lactic acid were the main metabolites produced when fructose was used as the sole
energy source. Increased amounts of formic acid and ethanol were produced when oligofructose was used as
an energy source at the cost of lactic acid. Detailed kinetic analysis revealed a preferential metabolism of the
short oligofructose fractions (e.g., F, and F;) for B. longum BB536. After depletion of the short fractions, the
larger oligofructose fractions (e.g., F,, GF,, F5, GF5, and F) were metabolized, too. Both Bacteroides strains did
not display such a preferential metabolism and degraded all oligofructose fractions simultaneously, transiently
increasing the fructose concentration in the medium. This suggests a different mechanism for oligofructose
breakdown between the strain of Bifidobacterium and both strains of Bacteroides, which helps to explain the

bifidogenic nature of inulin-type fructans.

The human colon harbors a complex microbial ecosystem
which is indispensable for the well-being of its host (40). Both
culture-based methods and advanced molecular techniques re-
vealed that some predominant genera can be distinguished, such
as Eubacterium, Bacteroides, and Bifidobacterium, although the
human microbiota is host specific (10, 20, 29, 42, 46, 49). Mem-
bers of this microbial ecosystem are capable of metabolizing non-
digested polysaccharides, thereby producing a variety of metabo-
lites such as short-chain fatty acids (SCFA) (e.g., acetic acid,
propionic acid, and butyric acid), other organic acids (e.g., lactic
acid and succinic acid), and gases (e.g., H,, H,S, CO,, and CH,,).
Despite intensive research carried out during the past decade, the
exact composition and metabolic interactions of the colon micro-
biota remain largely unknown.

Bifidobacteria account for approximately 3% of the human
microbiota (10, 23, 28). They are not pathogenic and contrib-
ute to the degradation of starch and other plant polysaccha-
rides, as they harbor specific enzymes and sugar uptake sys-
tems (2, 39, 43). Bacteroides species account for approximately
20% of the human microbiota (10, 29, 34, 42). Several species
are thought to be pathogenic, and Bacteroides spp. in general
are probably involved in the horizontal gene transfer of anti-
biotic resistance genes in the human colon (36, 37, 41). Bacte-
roides spp. are known to ferment numerous substrates (16, 38),
a fact that was recently confirmed by analysis of both the
Bacteroides thetaiotaomicron and Bacteroides fragilis genomes
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(22, 48). These genome analyses revealed the presence of
highly evolved strategies to assure their survival in the human
colon. Most noteworthy is the presence of an abundant ma-
chinery capable of acquiring and metabolizing a large variety
of simple and complex carbohydrates (5).

An important class of complex, nondigestible polysaccha-
rides is referred to as prebiotics. A prebiotic can be defined as
a nondigestible food ingredient that beneficially affects the
host by selectively stimulating the growth and/or activity of one
or a limited number of bacteria in the colon, thus improving
host health (12, 13). Based on existing scientific data, three
types of carbohydrates can be classified as prebiotics, namely
inulin-type fructans, frans-galacto-oligosaccharides, and lactu-
lose (12). Inulin-type fructans are linear D-fructose polymers
linked by B(2-1)-glycosidic bonds, often with a terminal glucose
moiety that is linked by an a(1-2)-glycosidic bond, as in sucrose
(35). Inulin can be obtained by extraction of specific plant parts
such as chicory roots. Oligofructose can be produced either
enzymatically through fructosyltransferase action on sucrose or
by partial enzymatic hydrolysis of the inulin chains. Oligofruc-
tose derived from chicory roots contains both fructose chains
(F,, type) and fructose chains with a terminal glucose unit
(GF,, type) (6). Proof has been given of the prebiotic potential
of inulin-type fructans through both in vitro tests and well-
controlled human intervention trials (11, 24, 30, 33, 44, 47).
Bifidobacteria are the target organisms for prebiotic action of
inulin and oligofructose because they ferment inulin-type fruc-
tans and are considered beneficial for host health. Besides the
stimulation of bifidobacteria (the so-called bifidogenic effect),
some in vitro and mice studies indicate that also other mem-
bers of the human colon microbiota might consume and even
be stimulated upon ingestion of inulin-type fructans (1, 8, 15).
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Certain lactobacilli, e.g., strains of Lactobacillus paracasei, are
indeed able to grow on these prebiotics (19, 26).

The growth of pure cultures of Bacteroides on inulin-type
fructans has hardly been investigated. Only one study reports
on the growth of a Bacteroides strain on commercial oligofruc-
tose, which was slower than growth rates of pure bifidobacte-
rial cultures (14). In vitro mixed culture fermentations, often
using fecal slurries, and in vivo tests revealed that in most cases
Bacteroides spp. are neither stimulated nor repressed through
administration of inulin-type fructans (1, 24, 31). However, one
in vivo test indicates a stimulatory effect of inulin-type fructans
on Bacteroides spp., apart from its clear stimulation of bifido-
bacterial growth (33).

The aim of this study was to examine the growth of strains of
B. thetaiotaomicron and B. fragilis, both predominant human
commensals, on oligofructose through in vitro laboratory fer-
mentations. A detailed kinetic analysis of their oligofructose
breakdown was carried out. Furthermore, this study was per-
formed to compare the degradation of oligofructose between
Bacteroides spp. and Bifidobacterium spp. to give a more mech-
anistic insight into the bifidogenic effect of oligofructose. We
have shown before that strains of bifidobacteria, in particular,
Bifidobacterium animalis subsp. lactis DN-173 010, preferen-
tially metabolize the short oligofructose fractions (45).

MATERIALS AND METHODS

Microorganisms and media. One Bifidobacterium strain and two strains of
Bacteroides (two species) were used throughout this study. Both the Bacteroides
thetaiotaomicron LMG 11262 and the Bacteroides fragilis LMG 10263 strains
were obtained from the BCCM/LMG Bacteria Collection (Ghent, Belgium). The
Bifidobacterium longum BB536 strain was obtained from Morinaga Industry Co.,
Ltd. (Tokyo, Japan). All strains were stored at —80°C; the Bacteroides strains
were stored in Wilkins-Chalgren broth (WCB; Oxoid, Ltd., Basingstoke, United
Kingdom), and the Bifidobacterium strain was stored in de Man-Rogosa-Sharpe
medium (MRS; Oxoid). Both media were supplemented with 25% (vol/vol)
glycerol as a cryoprotectant. Solid media were prepared by the addition of 1.5%
(wt/vol) agar (Oxoid) to WCB or MRS.

The fermentations were performed in a complex medium, allowing good
growth of human colon bacteria when supplemented with an appropriate energy
source (R. Van der Meulen and L. De Vuyst, unpublished results), containing (in
grams per liter): bacteriological peptone (Oxoid), 6.5; soy peptone (Oxoid), 5.0;
tryptone (Oxoid), 2.5; yeast extract (VWR International, Darmstadt, Germany),
3.0; KCl, 2.0; NaHCO3, 0.2; NaCl, 4.5; MgSO,, - 7H,0, 0.5; CaCl, - 2H,0, 0.45;
MnSO, - H,0, 0.2; FeSO, - 7H,0, 0.005; ZnSO, - 7H,0, 0.005; cysteine-HCI,
0.4; hemin, 0.005; menadion, 0.005. The medium also contained H;PO,, 0.5 ml
liter ' and Tween 80, 2 ml liter . The pH of the medium was adjusted to 5.80
before sterilization (210 kPa, 121°C, 20 min). Fructose or oligofructose was used
as the sole energy source, at a concentration of 15 g liter ', sterilized separately
and aseptically added to the fermentation medium. Fructose was sterilized in an
autoclave (210 kPa, 121°C, 20 min), while the oligofructose was filter sterilized
with Sartolab P-20 filters (0.2 pm; Sartorius AG, Goettingen, Germany). The
oligofructose (RaftiloseP95) was kindly provided by ORAFTI N.V. (Tienen,
Belgium). RaftiloseP95 is a commercial powder produced through the enzymatic
hydrolysis of chicory inulin. The powder contains mainly oligofructose (>93.2%
[wt/wt]) and small amounts of glucose, fructose, and sucrose. The degree of
polymerization of the oligofructose chains varies between 2 and 8, with an
average of 4.

Fermentation experiments. Kinetic analyses of growth of B. thetaiotaomicron
LMG 11262, B. fragilis LMG 10263, and B. longum BB536 in a complex medium
with fructose or oligofructose as the sole energy source were carried out with a
1.5-1 Biostat B-DCU fermentor (Sartorius AG). For inoculum buildup, the
strains were transferred from —80°C to WCB (Bacteroides strains) or MRS
(Bifidobacterium strain) and incubated anaerobically at 37°C for 24 h in a Mod-
ular Atmosphere Controlled system (MG Anaerobic Work Station; Don Withley
Scientific, West Yorkshire, United Kingdom) that was continuously sparged with
a mixture of 80% N,, 10% CO,, and 10% H, (Air Liquide, Paris, France).
Afterwards, the strains were propagated twice in the complex medium used later

DEGRADATION OF OLIGOFRUCTOSE BY COLON BACTERIA 1007

either with fructose or oligofructose as the sole energy source and finally added
to the fermentor. The transfer volume was always 5% (vol/vol). All fermentations
were carried out anaerobically by sparging the medium with a mixture of 90% N,
and 10% CO, (Air Liquide) at a temperature of 37°C for 48 h. During the
fermentation, a linear pH profile was applied, starting from pH 5.80 at time zero
and ending at pH 6.80 after 48 h to simulate the pH change in the colon. The pH
was controlled through automatic addition of 1.5 M NaOH. A gentle stirring
(100 rpm) was applied to keep the medium homogenous. Temperature, pH, and
agitation speed were on-line controlled (MFCS/win 2.1; Sartorius AG). Samples
were withdrawn at regular time intervals for further analysis.

All fermentations were carried out in duplicate. The results and figures pre-
sented are representative of both fermentations.

Analysis of growth. Cellular growth was followed by plate counting through-
out the fermentation. The numbers of CFU per milliliter were obtained
through enumeration on WCB (Bacteroides strains) or MRS (Bifidobacterium
strain) agar after anaerobic incubation (Modular Atmosphere Controlled
system) at 37°C for 48 h.

Analysis of fructose and oligofructose breakdown. Residual fructose and oligo-
fructose were quantified throughout the fermentations. The amounts of fructose
were determined by high-performance liquid chromatography (HPLC) analysis
with a chromatograph (Waters Corp., Milford, MA) equipped with a 2414 dif-
ferential refractometer, a 600S controller, a column oven, and a 717plus auto-
sampler. An ICSep ICE ORH-801 column (Interchim, Montlugon, France) was
used with 10 mN H,SO,, as mobile phase at a flow rate of 0.4 ml min~'. The
column temperature was kept at 35°C. Samples were centrifuged (16,060 X g for
15 min), and an equal volume of 20% (vol/vol) of trichloroacetic acid was added
to remove proteins. After centrifugation (16,060 X g for 15 min), the supernatant
was filtered (0.2-um filters, Minisart RC4; Sartorius AG) before injection.

Detailed GC analysis of the different oligofructose fractions was performed on
an HRGC 5300-HT Mega (Carlo Erba, Rodina, Italy) as described previously
(18, 26, 45). The GC was equipped with a SGE Aluminum Clad-5 capillary
column (Achrom NV/SA, Zulte, Belgium), and the oven temperature was pro-
grammed from 105 to 440°C at 10°C min~'. The samples were derivatized using
a procedure involving oxymation and silylation of the sugars (18). The oxime-
trimethylsilyl sugar derivatives were extracted using iso-octane and the extract
was injected. RaftiloseP95 (ORAFTI N.V.), glucose, fructose, and sucrose were
used as external standards.

Analysis of metabolites. Volatiles (ethanol and SCFA) and nonvolatile organic
acids (lactic acid and succinic acid) were analyzed throughout the fermentations.

The amounts of lactic acid and formic acid were determined by HPLC as
described above.

Succinic acid was determined with a Waters 2695 HPLC coupled to a Quattro
Micro mass spectrometer (Waters). The column (Atlantis; Waters) was kept at
35°C. The mobile phase, at a flow rate of 0.2 ml min~', was composed of
ultrapure water (eluent A), acetonitrile (eluent B), and 10 mM ammonium
acetate (pH 6.5; eluent C). The gradient (vol/vol) used was as follows: 0.0 min,
85% A, 5% B, and 10% C; 15.0 min, 40% A, 50% B, and 10% C; 15.1 min, 10%
A, 80% B, and 10% C; 23.0 min, 10% A, 80% B, and 10% C; 23.1 min, 85% A,
5% B, and 10% C; 30.0 min, 85% A, 5% B, and 10% C. Samples were centri-
fuged (16,060 X g for 15 min), and 100 pl of internal standard (3,4-dihydroxy-
benzoic acid) was added to 500 pl of supernatant. Afterwards, 600 wl of aceto-
nitrile was added, and the samples were again centrifuged (16,060 X g for 15
min). The supernatant was filtered (0.2-pm filters) and injected.

The SCFA (acetic acid, propionic acid, butyric acid, valeric acid, and capronic
acid) were measured by gas chromatography on an Agilent 6890 gas chromatograph
(Agilent Technologies, Palo Alto, CA) coupled to an Agilent 5973N mass spectrom-
eter (Agilent Technologies). A capillary column (DB-WAXetr; Agilent Technolo-
gies) was used together with the following oven temperature program: 0.0 min, 90°C;
5.0 min, 90°C; 7.3 min, 125°C; 12.3 min, 125°C; 16.0 min, 180°C; 31.3 min, 180°C; 34.3
min, 230°C; and 47.3 min, 230°C. Helium (Air Liquide) was used as carrier gas at a
flow rate of 1.1 ml min~!. The samples were centrifuged (16,060 X g for 15 min), and
100 pl of an internal standard (2,6-dimethylphenol) and 50 ul of H,SO, were added
to 500 pl of supernatant. After being mixed for 15 s, 750 pl of diethyl ether was
added to the sample and mixed thoroughly (30 min). Afterwards, the organic phase
was transferred to a vial. The extraction procedure with diethyl ether was performed
twice, after which the samples were injected.

Ethanol was determined using the GC-mass spectrometry apparatus described
above. The same column was used with the following temperature program: 0.0
min, 40°C; 5.0 min, 40°C; 9.29 min, 100°C; 10.37 min, 230°C; and 15 min, 230°C.
The sample preparation was similar to the analysis of SCFA, except that the
addition of H,SO, was skipped, chloroform was used as the organic phase
instead of diethyl ether, and methanol (0.5% [wt/vol] in ultrapure water) was
used as an internal standard.
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FIG. 1. Fermentation of B. thetaiotaomicron LMG 11262 with 15 g
liter ! fructose (A) or 15 g liter ' oligofructose (RaftiloseP95) (B). A,
log CFU per milliliter; @, fructose (grams per liter) (A) or oligofruc-
tose (grams per liter) (B); [J, succinic acid (grams per liter); O, acetic
acid (grams per liter); m, propionic acid (grams per liter).

RESULTS

Growth of Bacteroides thetaiotaomicron LMG 11262 on fruc-
tose or oligofructose. B. thetaiotaomicron LMG 11262 metab-
olized all fructose (15 g liter—*) within 15 h of fermentation
with an accompanying cell growth of 2.4 log CFU ml~* (Fig. 1A).
The main metabolite of the fructose metabolism was succinic
acid with a concentration of 8.4 = (.4 g liter ~'. Acetic acid was
produced at a concentration of 3.4 * 0.1 g liter'. Propionic
acid was not produced.

B. thetaiotaomicron LMG 11262 metabolized oligofructose
as fast as fructose (Fig. 1B). Within 15 h of fermentation, all
oligofructose (15 g liter ') was metabolized, corresponding to
cell growth of 1.9 log CFU ml ™ '. Succinic acid was again the
main metabolite produced throughout fermentation, at a con-
centration of 9.3 + 0.1 g liter ™" after 15 h of fermentation.
Besides succinic acid, acetic acid and propionic acid were pro-
duced at concentrations of 3.1 = 0.1 g liter ! and 77 + 5 mg
liter !, respectively.

Growth of Bacteroides fragilis LMG 10263 on fructose or
oligofructose. B. fragilis LMG 10263 metabolized all fructose
(15 g liter—*) within 24 h of fermentation (Fig. 2A), with an
accompanying cell growth of 1.9 log CFU ml~!. Succinic acid
was the main metabolite produced, at a concentration of 7.5 =
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FIG. 2. Fermentation of B. fragilis LMG 10263 with 15 g liter ™!
fructose (A) or 15 g liter™ ' oligofructose (RaftiloseP95) (B). A, log
CFU per milliliter; @, fructose (grams per liter) (A) or oligofructose
(grams per liter) (B); O, succinic acid (grams per liter); O, acetic acid
(grams per liter); m, propionic acid (grams per liter).

0.1 g liter ' after 24 h of fermentation. Acetic acid and pro-
pionic acid were produced at concentrations of 2.5 * 0.1 g
liter ! and 75 = 3 mg liter ', respectively.

Fermentation with oligofructose as the sole energy source
showed a pattern similar to that with fructose (Fig. 2b). Within
18 h of fermentation, all oligofructose (15 g liter ') was me-
tabolized, corresponding to cell growth of 2.0 log CFU ml '
Succinic acid was again the main metabolite produced
throughout fermentation with a concentration of 8.7 = 0.2 g
liter ! after 18 h of fermentation. Acetic acid and propionic
acid were produced at concentrations of 3.3 = 0.1 g liter " and
121 + 5 mg liter ™, respectively.

Growth of Bifidobacterium longum BB536 on fructose or
oligofructose. All fructose (15 g liter ') was fermented by B.
longum BB536 within 15 h of fermentation, corresponding to
cell growth of 2.1 log CFU ml~* (Fig. 3A). The most important
sugar metabolite produced was acetic acid, at a concentration
of 9.0 = 0.1 g liter—'. Besides acetic acid, other metabolites
were also produced, such as lactic acid, formic acid, and etha-
nol, at concentrations of 2.4 * 0.2 g liter !, 1.8 * 0.2 g liter *,
and 1.4 = 0.1 g liter !, respectively.

The growth of B. longum BB536 on oligofructose was slower
than on fructose (Fig. 3B). After 36 h of fermentation, all
oligofructose (15 g liter ') was metabolized, with an accom-
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FIG. 3. Fermentation of B. longum BB536 with 15 g liter ' fructose
(A) or 15 g liter ™! oligofructose (RaftiloseP95) (B). A, log CFU per
milliliter; @, fructose (g liter ') (A) or oligofructose (g liter ') (B); O,
acetic acid (grams per liter); <, lactic acid (grams per liter); ®, ethanol
(grams per liter); A, formic acid (grams per liter).

panying cell growth of 1.8 log CFU ml'. Acetic acid was the
main metabolite produced throughout the fermentation, at a
concentration of 10.1 = 0.1 g liter ! after 36 h of fermentation.
Lactic acid was produced mainly at the beginning of the fer-
mentation, reaching a concentration of 1.8 = 0.1 g liter ! after
15 h of fermentation. Formic acid production started when
lactic acid production stagnated. After 36 h of fermentation, a
concentration of 2.8 = 0.1 g liter ' of formic acid was pro-
duced. Although the concentration of ethanol increased
throughout the whole fermentation course, most of it was
produced simultaneously with formic acid, the former reaching
a concentration of 1.7 = 0.1 g liter .

Fructan analysis. The analysis of the oligofructose samples
for the fermentation with B. thetaiotaomicron LMG 11262
showed that during the first 9 h of fermentation, oligofructose
was almost completely degraded (Table 1). At the same time,
an increase in the concentrations of fructose and F, was ob-
served. This was the result of the breakdown of the longer
oligofructose fractions, e.g., F,, GF,, and F5. The concentra-
tion of free fructose even increased to 5.9 g liter !, From 9 to
15 h of fermentation, fructose was the main energy source, and
degradation of the remaining oligofructose into fructose con-
tinued further. B. thetaiotaomicron LMG 11262 did not show
any preference for degradation of one or more oligofructose
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TABLE 1. Fructan degradation during the growth of
Bacteroides thetaiotaomicron LMG 11262 on oligofructose
as 1.5% (wt/vol) RaftiloseP95

Concn (g liter ') at time (h)

Component?
3 6 9 12 15 24 48
F 090 0.80 593 339 012 0.00 0.00 0.00
G 030 020 0.10 0.33 0.00 0.00 0.00 0.00
GF 0.10 0.10 030 0.11 0.00 0.00 0.00 0.00
F, 0.70 070 211 0.11 0.12 0.00 0.00 0.00
GF, 0.10 0.10 0.70 0.00 0.00 0.00 0.00 0.00
F; 3.60 352 090 0.00 0.00 0.00 0.00 0.00
GF; 030 030 0.10 0.00 0.00 0.00 0.00 0.00
F, 380 3.62 0.80 0.11 0.00 0.00 0.00 0.00
GF, 090 0.80 0.20 0.00 0.00 0.00 0.00 0.00
F; 1.50 151 030 0.00 0.00 0.00 0.00 0.00
GF; 0.70 0.0 0.10 0.00 0.00 0.00 0.00 0.00
F¢ 1.00 1.00 020 0.00 0.00 0.00 0.00 0.00
GF, 040 040 0.00 0.00 0.00 0.00 0.00 0.00
F, 040 040 0.10 0.00 0.00 0.00 0.00 0.00

“F, fructose; G, glucose.

fractions, since all of them were degraded from the start of the
fermentation.

The fermentation with B. fragilis LMG 10263 showed similar
results concerning oligofructose degradation (Table 2). During
the first 9 h of fermentation, a large part of oligofructose
(>85%) was degraded, resulting in a large concentration of
free fructose (5.4 g liter ') in the fermentation medium. From
9 to 15 h of fermentation, the remaining oligofructose was
further degraded, and the free fructose was metabolized. Dur-
ing the degradation of oligofructose, no specific preferences
for degrading certain oligofructose fractions could be detected.

The growth of B. longum BB536 on oligofructose was slower
than both Bacteroides strains, as the time needed for complete
degradation of oligofructose was twice as long for the Bifido-
bacterium strain as for the Bacteroides strains. Detailed analysis
of oligofructose degradation revealed that the growth of B.
longum BB536 during the first 9 h of fermentation was the
result of the metabolism of mainly fructose, F,, and F5 (Table 3).
When these components were almost depleted, the strain

TABLE 2. Fructan degradation during the growth of
Bacteroides fragilis LMG 10263 on oligofructose
as 1.5% (wt/vol) RaftiloseP95

Concn (g liter ™) at time (h)

Component”
3 6 9 12 15 24 48
F 090 111 312 538 1.81 0.2 0.00 0.00
G 030 0.10 0.00 0.11 0.00 0.00 0.00 0.00
GF 0.10 0.10 0.10 0.00 0.00 0.00 0.00 0.00
F, 070 1.01 196 043 0.12 0.00 0.00 0.00
GF, 0.10 0.10 030 0.11 0.00 0.00 0.00 0.00
F; 340 312 091 0.11 0.00 0.00 0.00 0.00
GF; 030 030 0.10 0.00 0.00 0.00 0.00 0.00
F, 3.60 322 121 011 0.00 0.00 0.00 0.00
GF, 080 0.70 050 0.11 0.00 0.00 0.00 0.00
F; 150 141 080 0.22 0.00 0.00 0.00 0.00
GF; 0.60 0.60 050 022 0.00 0.00 0.00 0.00
F¢ 1.00 1.01 080 032 012 0.00 0.00 0.00
GF 0.40 040 030 022 0.00 0.00 0.00 0.00
F, 0.40 030 030 022 0.00 0.00 0.00 0.00

“F, fructose; G, glucose.
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TABLE 3. Fructan degradation during the growth of
Bifidobacterium longum BB536 on oligofructose
as 1.5% (wt/vol) RaftiloseP95

Concn (g liter ') at time (h)

Component?
3 6 9 12 15 24 48
F 090 090 0.71 0.10 023 024 025 0.00
G 030 0.20 0.00 0.00 0.00 0.00 0.00 0.00
GF 0.10 0.10 0.10 0.10 0.00 0.00 0.12 0.00
F, 0.60 0.60 051 0.10 012 0.12 0.12 0.00
GF, 0.10 0.10 0.10 0.00 0.00 0.12 0.00 0.00
F; 370 3.81 334 052 023 024 0.00 0.00
GF; 030 040 040 031 046 036 012 0.00
F, 3.80 4.01 394 346 255 130 037 0.00
GF, 0.80 090 091 084 081 0.12 0.12 0.00
F; 1.50 1.60 1.62 147 139 0.83 0.12 0.00
GF; 0.70 0.70 0.71 0.63 058 047 0.12 0.00
F¢ 1.10 110 111 1.05 093 059 0.12 0.00
GF, 040 040 040 031 035 024 000 0.00
F, 040 040 040 042 035 024 000 0.00

“F, fructose; G, glucose.

started to metabolize the longer oligofructose fractions, such
as F,, GF,, Fs, F,, and others. During this degradation, hardly
any increase in fructose concentration was observed, indicating
the immediate consumption of the oligofructose degradation
products. After 36 h of fermentation, all oligofructose (15 g
liter ') was metabolized. This indicates that the Bifidobacte-
rium strain degraded the oligofructose much more slowly than
either Bacteroides strain, probably due to its sequential con-
sumption of the different fractions.

DISCUSSION

Bacteroides species are considered to be predominant in the
human colon (34). Growth experiments using fecal slurries or
in vivo clinical trials showed that inulin-type fructans do not
display a stimulatory effect on members of the Bacteroides
group, although Bacteroides species possibly degrade these pre-
biotics (1, 24, 31). One in vitro study mentioned the capability
of a B. thetaiotaomicron strain to grow on inulin-type fructans,
but this strain grew better on glucose than on oligofructose
(14). As commercial prebiotics were used in the latter study, it
is not clear if the presence of contaminating sugars, due to the
production process of the manufacturer, was taken into ac-
count. Indeed, detailed kinetic analysis of the growth of dif-
ferent important human commensals on the commercial pre-
biotic RaftiloseP95 showed that the presence of contaminating
sugars (e.g., glucose, fructose, and sucrose) cannot be ne-
glected during in vitro studies (reference 45 and this study).
These sugars may support limited growth of the strain(s) under
study, an observation that is often misinterpreted as the pres-
ence of growth on the oligosaccharide used. Therefore, care
has to be taken not to draw wrong conclusions from such pure
culture growth experiments, and efforts should be made to
quantify the oligosaccharides (45).

Our in vitro study shows that pure cultures of B. thetaiota-
omicron LMG 11262 and B. fragilis LMG 10263 are capable of
degrading and growing on oligofructose and that this growth
appeared to be at least as good as growth on fructose (this study)
and glucose (R. Van der Meulen and L. De Vuyst, unpublished
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results). Moreover, these strains grew much better on oligofruc-
tose than did B. longum BB536. One explanation could be that B.
thetaiotaomicron and B. fragilis have more potential to grow on a
large variety of substrates, oligosaccharides in particular, than B.
longum has, as revealed by information from their genomes (22,
39, 48). Putting together the facts and uncertainties about the
colon microbiota and its metabolism, in vitro experiments with
pure bacterial cultures indicate that bacteria other than bifidobac-
teria might also grow on oligofructose, either directly or indirectly
through cross-feeding on metabolites of prebiotic degraders (7,
8). However, caution is needed when extrapolating findings from
in vitro tests to the in vivo situation, since the selective and
stimulatory effect of oligofructose on bifidobacteria has been
demonstrated in numerous human clinical trials (11, 24, 30, 33,
44, 47).

Hydrolysis of the longer oligofructose fractions by B. theta-
iotaomicron LMG 11262 and B. fragilis LMG 10263 resulted in
the release of free fructose in the fermentation medium. Al-
though the genome information does not reveal the presence
of an inulinase or B-fructofuranosidase for both Bacteroides
strains (22, 48), a cell wall-attached fructanase capable of hy-
drolyzing both inulin-type and levan-type fructans has already
been isolated from a B. fragilis strain (4). Fructanase action will
result in the simultaneous consumption of fructose and oligo-
fructose fractions by a nonspecific microbiota, as there are
different species, e.g., Bacteroides spp., capable of metabolizing
these simple and complex sugars. In contrast with the Bacte-
roides strains, B. longum BB536 showed a preferential metab-
olism of the short oligofructose fractions (both the F, and F;
fractions of oligofructose). After depletion of the contaminat-
ing monosaccharides (glucose and fructose) present in the
commercial prebiotic (RaftiloseP95) used and of the short F,
and F; fractions of oligofructose, the longer oligofructose frac-
tions (e.g., F,, GF,, Fs, and F,) were metabolized as well. A
similar preferential metabolism of the short oligofructose frac-
tions has already been described for Bifidobacterium animalis
subsp. lactis DN-173 010 (45). Hence, this preferential metab-
olism of shorter oligofructose fractions appears to be a specific
characteristic of bifidobacteria.

There are several possible explanations why a preferential
metabolism of the short oligofructose fractions is observed for
the B. longum strain and other bifidobacteria (45), whereas the
Bacteroides strains tested did not display such a preferential
metabolism in this in vitro setup. A first explanation is the
expression and localization of the enzyme responsible for oligo-
fructose degradation. This enzyme is probably expressed con-
stitutively and located extracellularly or attached to the cell
wall in the case of the Bacteroides strains (4), whereas for the
Bifidobacterium strains this enzyme is inducible and located
intracellularly (9, 14, 17, 32). Consequently, both Bacteroides
strains degraded oligofructose extracellularly, thereby releas-
ing fructose in the culture medium. This is supported by our
kinetic analysis of oligofructose consumption, which clearly
showed a large increase in free fructose during oligofructose
breakdown for both Bacteroides strains, in contrast with the
Bifidobacterium fermentations (reference 45 and this study).
This suggests that the bifidobacteria degrade oligofructose in-
tracellularly and metabolize the released fructose moieties si-
multaneously. The necessary uptake of oligofructose prior to
hydrolysis may also explain the slower growth of B. longum
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strain BB536 on oligofructose than on fructose, while the Bac-
teroides strains metabolized oligofructose as fast as fructose in
our in vitro test. A second explanation for the differences in
oligofructose metabolism may be ascribed to differences be-
tween the oligofructose transport system(s) in Bacteroides spp.
and Bifidobacterium spp. It has been shown that a strain of B.
longum possesses a specific permease type of transporter for
oligofructose, although an ABC type or phosphotransferase-
type transporter is more common for other bacterial genera (3,
39). However, the oligofructose uptake mechanism has not yet
been studied for Bacteroides strains. It is likely that Bacteroides
strains will not take full profit from an extracellular degrada-
tion because of the loss of oligofructose digestion products to
other commensals, e.g., bifidobacteria. This may explain why in
vivo studies do not reveal a clear stimulatory effect of oligo-
fructose on Bacteroides spp. (1, 24). The presence of specific
transport systems for short oligofructose fractions may give
bifidobacteria the surplus needed to compete with other com-
mensals for this substrate, besides their acidification through
the production of lactic acid, acetic acid, and formic acid. The
acidic pH in the proximal colon, where most of the undigested
carbohydrates are fermented, may inhibit the growth of certain
commensals (e.g., Bacteroides), while bifidobacteria are more
acid tolerant and hence less affected.

Succinic acid was the main metabolite produced throughout
all fermentations with B. thetaiotaomicron LMG 11262 and B.
fragilis LMG 10263. These results are in agreement with pre-
vious in vitro studies that show that succinic acid is the main
metabolite for Bacteroides spp. if generation times are short
(21, 25), which was the case in our study. However, generation
times will be much longer in the human colon, due to limited
substrate availability; propionic acid will probably be the main
metabolite for Bacteroides strains in the human colon (21, 36).
Due to the low generation times and the sparging of the me-
dium with CO, during the in vitro experiments, propionic acid
was produced only in very small amounts by both Bacteroides
strains. The increased production of acetic acid, formic acid,
and ethanol at the cost of lactic acid confirms the switch of
metabolism of bifidobacteria at lower growth rates to obtain a
higher amount of ATP per mole of sugar consumed (27, 45).

To conclude, this study has shown for the first time that pure
cultures of two Bacteroides strains were able to degrade oligo-
fructose. Both strains grew as fast on fructose as they did on
oligofructose. The latter was not the case for a Bifidobacterium
strain that grew much slower on oligofructose than the Bacte-
roides strains. The Bifidobacterium strain completely metabo-
lized oligofructose with a clear preference for the shorter oligo-
fructose fractions (e.g., F, and F;), probably due to the presence
of appropriate uptake systems. Both Bacteroides strains did not
show such a preferential metabolism and simultaneously de-
graded the different oligofructose fractions extracellularly,
transiently increasing the fructose concentration of the fer-
mentation medium. These results indicate important differ-
ences in oligofructose degradation kinetics between dominant
members of the human colon. This in vitro study further con-
tributes to the understanding of the bifidogenic properties of
inulin-type fructans.
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